A bioinspired approach for the syntheses of herqulines B and C is reported that takes advantage of an Ltyrosine-derived diketopiperazine, a mycocyclosin analog, as a synthetic precursor. The strategy relies on a series of consecutive reductions to adjust the mycocyclosin oxidation state to that observed in the herquline class of natural products. The strained and distorted L-tyrosine-based biaryl system characteristic for mycocyclosin is selectively converted to the 1,4-diketone structural motif common to the herqulines via initial hypervalent iodine-mediated dearomatization and a subsequent directed Birch reduction, enabled by an intramolecular H-source. The piperazine oxidation state is accessible in an ironcatalyzed reduction of the diketopiperazine precursor.
A bioinspired approach for the syntheses of herqulines B and C is reported that takes advantage of an Ltyrosine-derived diketopiperazine, a mycocyclosin analog, as a synthetic precursor. The strategy relies on a series of consecutive reductions to adjust the mycocyclosin oxidation state to that observed in the herquline class of natural products. The strained and distorted L-tyrosine-based biaryl system characteristic for mycocyclosin is selectively converted to the 1,4-diketone structural motif common to the herqulines via initial hypervalent iodine-mediated dearomatization and a subsequent directed Birch reduction, enabled by an intramolecular H-source. The piperazine oxidation state is accessible in an ironcatalyzed reduction of the diketopiperazine precursor.
Forty years ago, Ōmura reported the isolation of the fungal metabolite herquline A (1), 1 a strained pentacyclic piperazine, from Penicillium herquei Fg-372 (Fig. 1A ). Herquline A (1) was shown to prevent platelet aggregation 1 in addition to displaying antibiotic properties by inhibiting replication of the influenza virus. 2 The structurally related tetracyclic piperazine herquline B (2) 3 was isolated in 1996 although its absolute configuration could only recently be determined upon the completion of the first synthesis by Wood 4a and Baran
4b
. The structure of a third congener, herquline C (3), 5 was isolated in 2016 by Houk and Tang during studies of the herquline biosynthetic pathway and identified as a diastereomer to herquline B (2) by Wood in 2018 4a . All three herqulines are characterized by a highly strained macrocyclic scaffold, a piperazine moiety, and a 2,3-disubstituted 1,4-dicarbonyl subunit (11 and 11a in 1-3) that has historically proven extremely difficult to access synthetically. 6 Reported synthetic efforts towards the herqulines corroborate these challenges: 7 specifically, intramolecular coupling reactions to form the 1,4-diketone subunit are hampered by the ring strain imparted by the macrocycle, while macrocyclic ring closure to forge the piperazine ring after installation of the 1,4-diketone scaffold has proven to be equally difficult. Our interest in these natural products started with the isolation of mycocyclosin (4), 8, 9 a strained diketopiperazine dipeptide derived from cyclodityrosine cYY (5), which was hypothesized to be a biosynthetic precursor for the herqulines 10 ( Fig. 1B) . Intrigued by the inherent symmetry of mycocyclosin (4) and herqulines A-C (1-3), we considered the reduced mycocyclosin analog 6 as a common precursor to develop a viable route towards the herquline natural products (Fig. 2) . Although the C2-symmetric piperazine 6 was expected to significantly facilitate synthetic efforts, four key challenges remained:(1) a scalable synthetic route to access gram-quantities of the strained cyclophane (4); (2) the development of a reliable protocol for diketopiperazine reductions in strained macrocycles; (3) a viable dearomatization strategy for highly strained and distorted biaryl systems 11, 12 to selectively provide (4) the ,-enone over the corresponding ,-enone structural motifs. With these challenges in mind, we first focused on the development of a robust synthetic strategy to obtain gram-quantities of mycocyclosin (4). Pioneering work by Hutton in 2012 11 had shown that a Pd-catalyzed Suzuki-Miyaura cross-coupling resulted in mycocyclosin macrocyclization in 42% yield on a 50 mg scale. Although a crucial advance, these reaction conditions were not amenable to larger scales and access to cyclophane 4 remained limited. In initial studies, we were able to build on the results of Hutton and coworkers to develop a scalable and reproducible synthesis of mycocyclosin (4). 12 Our detailed investigations of the cross-couplingconditions had revealed beneficial effects of H2O and exogenous air on the macrocyclization yield obtained. Based on these results, we considered a mechanism initiated by a palladium(II) peroxy species 13 formed upon oxidation of palladium(0) and water as a crucial additive to aid the formation of a palladium(II) hydroxyl complex to ultimately intercept the Suzuki-Miyaura reaction pathway. 12 With a scalable synthetic strategy towards mycocyclosin secured, we next evaluated approaches to effect the selective reduction of the biaryl subunit. We were particularly inspired by Laguzza and Ganem who reported the formation of ,-enone 9 upon Birch reduction of N,N-diallyl-O-methyl-L-tyrosine (7) and subsequent aqueous hydrolysis of diene 8 (Fig. 3A) . 14 However, Birch reduction of biaryl 10 formed 1,3-diene 12 exclusively, presumably upon isomerization of the desired 1,4-diene 11. Subsequent acidic hydrolysis of diene 12 resulted in ,-enone 13, and x-ray crystallographic analysis confirmed the formation of the undesired regiosiomer. Ensuing efforts focused on the evaluation of additional Birch reduction conditions 15, 16 of biaryl 10 or its diketopiperazine analog, though the preferred regioselectivity could not be overturned and the formation of skipped diene 11 was never observed. Additionally, investigation of exogenous proton sources such as tBuOH led to the isolation of overreduction products together with diene 12. Moreover, the second aromatic ring in biaryl 10 proved unreactive in the Birch reduction 16 which prompted us to consider alternative strategies for dearomatization. Ultimately, succeeding studies identified reaction With a viable route to mycocyclosin secured and promising initial studies for dearomatization of the biaryl system completed, we set out to develop a robust synthetic route to the herquline natural products (Fig. 4) . The L-tyrosine dipeptide 16 is readily available in 83% yield under standard peptide coupling reactions from L-tyrosine derivatives 14 and 15. Trifluoroacetic acid-mediated diketopiperazine formation followed by N-benzylation proceeded smoothly to provide cyclodipeptide 17 on decagram scale. Conversion of 17 under our reaction conditions previously developed for the synthesis of mycocyclosin proved viable and robust to result in the formation of the desired cyclophane 18 in 81% yield on gram-scale. Subsequent selective debenzylation of the phenolic ether 18 proceeded quantitatively with BCl3 and pentamethylbenzene to give rise to diketopiperazine 19 as the desired oxidative dearomatization precursor. Hypervalent iodinemediated dearomatization reactions of phenols are known to proceed upon addition of nucleophiles in the para-and ortho-position of the aromatic moiety. 18 However, when diketopiperazine 19 was subjected to diacetoxyiodobenzene in methanol at -6 ºC, the exclusive formation of ortho-adduct 20 was observed, presumably as a result of the strained and congested nature of the cyclophane system. We next investigated protocols to effect selective conjugate reduction of quinone 20. reduction of quinone 20 relying on L-selectride proceeded selectively to form -methoxy ketone 21 in 79% yield without evidence for competing 1,2-addition, which is most likely also a result of the strained nature of the macrocyclic system. Although 21 incorporates the desired ,-enone regiochemistry found in herqulines A-C (1-3), we were then faced with the challenge of selectively reducing the -methoxy moiety. Procedures relying on SmI2 seemed most promising as 2-methoxy-substituted cyclohexanones have been reported to undergo efficient reduction via intermediate samarium-enolates and asymmetric variants of this transformation using chiral proton sources have been developed. 22 When diketopiperazine 21 was converted with excess SmI2 under conditions originally reported by Mikami 22b , the selective formation of a new product was observed as a single stereoisomer in 77% yield and the structure of the desired ,-enone 22 was confirmed upon x-ray analysis. Our subsequent investigations revealed that adjusting the diketopiperazine oxidation state prior to reductive dearomatization of the remaining aromatic system proved beneficial. However, only limited examples for piperazine formation from diketopiperazines exist 23 , and the application of those reported (e.g. LiAlH4 relying on disilanes as reductants to be superior, resulting in 60% yield of the desired piperazine 23, the formation of which was subsequently confirmed by x-ray analysis. We anticipate these reaction conditions to be general for the selective reduction of complex diketopiperazines. With a viable route to ,-enone 23 secured, we investigated reaction conditions for efficient dearomatization of the remaining aromatic ring. To our surprise, Birch reduction of enone 23 did not result in dearomatization but instead favored the formation of alcohol 24 in 20% yield together with a complex mixture of overreduction products (Fig. 5A) . Based on these results, we postulated that protection of the ketone moiety was required in the Birch reduction to ensure a selective transformation. However, acetal 25 proved unreactive under various Birch reduction conditions (extended reaction times, increased metal equivalents, various proton sources) and the starting material was reisolated exclusively. These results were in stark contrast to those observed with ketone 23 which had proven exceptionally reactive under Birch reduction conditions. Based on these observations, we hypothesized that reduction of the ketone moiety to the corresponding alcohol not only precedes but facilitates subsequent dearomatization of the aryl subunit. Literature precedent by Paddon-Row on the effect of proximate hydroxy-groups to act as efficient intramolecular proton sources in Birch reductions 26 further corroborated our hypothesis. Specifically, syn-methoxy anthracene 27 slowly resulted in the formation of skipped diene 29 as the anticipated Birch reduction product, while the reaction of the corresponding syn-alcohol 28 was not only observed to proceed significantly more rapid but also resulted in the exclusive formation of alkene 30 as a distinct product.
Intrigued by this report, we decided to reduce ,-enone 23 to the corresponding alcohol to gain experimental support for our hypothesis with the ultimate goal of developing a selective protocol for the final dearomatization towards herqulines A-C (1-3). Reduction of 23 relying on NaBH4 proceeded selectively to provide alcohol 24 as a single stereoisomer in 80% yield (Fig. 6) . Subsequent conversion of 24 under Birch reduction conditions proceeded smoothly to exclusively form skipped diene 31 in 55% yield. Aqueous acidic hydrolysis afforded the desired ,-enone 32 in 90% yield. Completion of the synthesis of herquline C (3) required oxidation of the secondary alcohol in 32 which procceded readily under Swern oxidation conditions in 82% yield. Subjection of the resulting 1,4-diketone to standard hydrogenolysis conditions with Pd/C resulted in the formation of herquline C (3) in 85% yield. Herquline C (3) was previously shown to undergo facile epimerization to herquline B (2) using pH 8 buffer. 4a In conclusion, we report herein the bioinspired chemical syntheses of herqulines B and C from the cyclodipeptide mycocyclosin. Our strategy builds on pioneering work of Hutton and co-workers who demonstrated that a Pd-catalyzed Suzuki-Miyaura cross-coupling could overcome the inherent strain of these compounds to assemble the biaryl subunit. Work from our own laboratories identified reaction conditions to provide these cyclophanes on scale which ultimately enabled synthetic strudies towards the herqulines A-C (1-3). Our synthetic efforts showed that a consecutive reduction strategy relying on a hypervalent iodine-mediated dearomatization, diketopiperazine reduction, followed by a final Birch reduction facilitated via an intramolecular proton source are efficient in adjusting the mycocyclosin oxidation state and complete the syntheses of herqulines B (2) and C (3).
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